Background and objectives: Diarrhea-associated hemolytic uremic syndrome (D؉HUS) is a common cause of acute kidney injury in children. Mutations in alternative pathway (AP) complement regulatory proteins have been identified in severe cases of thrombotic microangiopathy, but the role of the AP in D؉HUS has not been studied. Therefore, we determined whether plasma levels of markers of activation of the AP are increased in D؉HUS and are biomarkers of the severity of renal injury that predict the need for dialysis.
D iarrhea-associated hemolytic uremic syndrome (DϩHUS) is one of most common causes of acute kidney injury in previously healthy children (1). It is caused by antecedent infection with Shiga toxin-producing strains of Escherichia coli (STEC). These organisms elaborate Shiga toxins (Stx) 1 and/or 2 that bind to the globotriaosylceramide (Gb3) receptor on the surface of endothelial cells, especially in the glomerular microcirculation. After internalization of the toxin, there is retrograde transport to the ribosome, inhibition of protein synthesis, endothelial cell death, and organ hypoperfusion and dysfunction (1,2). In addition, there is activation of numerous inflammatory cytokines and chemokines that have the potential to cause vascular injury and mediate tissue damage (3) .
DϩHUS is one manifestation of thrombotic microangiopathy (TMA), a histopathologic phenotype characterized by endothelial cell swelling and detachment from the basement membrane and deposition of fibrin-platelet thrombi in the vascular lumen (4) . In addition to DϩHUS, TMA can occur sporadically in response to various medications, infectious agents, pregnancy, malignancies, rheumatological disorders, and in patients with thrombotic thrombocytopenic purpura. Finally, there is a rare group of patients who develop TMA as a consequence of genetic abnormalities in complement activation and regulatory proteins that lead to uncontrolled activation of the alternative pathway (AP). Recent reviews of TMA have proposed that the disease occurs due to disturbances in one of two distinct pathways-either dysregulation of complement activation or a relative loss of function of ADAMTS13, a protease that modulates the interaction between von Willebrand factor and endothelial cells. Although endothelial damage is the primary step in DϩHUS, it has not been definitively attributed to abnormalities in the function of the complement pathway or ADAMTS13.
There are anecdotal reports of low serum C3 levels and C3 deposition in the kidney of children with DϩHUS (5). However, there has been no consistent evidence of activation of the AP of complement in children with DϩHUS. We hypothesized that the AP is activated by Shiga toxin-induced endothelial damage in DϩHUS. To test this hypothesis, we performed the following study using stored plasma samples from patients who were enrolled in the HUS-SYNSORB Pk multicenter clinical trial to determine whether there was evidence of activation of the AP of complement in this disease and to assess whether it correlated with disease activity or outcome.
Materials and Methods

Patients
The study was approved by the Institutional Review Boards of all of the participating centers in the multicenter trial (see Appendix for a complete list of performance sites). Informed consent for the therapeutic trial and the use of stored samples for future experimental studies was obtained before enrollment.
Children between the ages of 6 mo and 18 yr with DϩHUS were eligible for inclusion into the trial. The diagnosis of DϩHUS was based on the following four criteria: (1) platelet count Ͻ140,000/mm 3 ; (2) fragmentation of erythrocytes on a peripheral smear; (3) renal injury as indicated by the presence of hematuria and/or proteinuria and/or azotemia; and (4) 
Study Protocol
After establishment of eligibility and informed consent, patients with DϩHUS were randomly assigned to receive either SYNSORB Pk or corn meal placebo. The study was double-blind, and the allocation was performed randomly in a 2:1 ratio. The study medication, 500 mg/kg per day, was administered orally or through a nasogastric tube every 8 h for 7 d. The clinical management of patients, experimental studies, primary and secondary endpoints, and the outcome of this clinical trial has been reported previously (6) . The decision to start dialysis was made based on the occurrence of 72 consecutive hours of oligoanuria, defined as a urine flow Ͻ0.5 ml/kg per hour after hospitalization at the participating center or the presence of acute symptoms related to azotemia (7) .
In the SYNSORB Pk trial, some patients were admitted directly to the participating site where the diagnosis of DϩHUS was made, whereas others were transferred to the center after recognition of the disease at an outlying facility. In all cases, the first day of the study and hospitalization, when sample collection began, was defined as the day when randomization to study medication or placebo was accomplished. The course was divided into two phases: hospitalization and recovery after discharge. Clinical and laboratory data were recorded daily, and EDTA-anti-coagulated plasma samples were collected on days 1, 4, 7, and 10 during the hospitalization phase for each child. The day 1 sample was collected after the patient was randomized to a treatment arm but before initiation of dialysis at the participating site. After discharge from the hospital, patients were evaluated on days 7, 14, 28, and 60, and a plasma sample was collected on day 28. Because of the variable duration of hospitalization, the 28-d sample after discharge was obtained between 33 and 90 d after the onset of DϩHUS. All biologic samples were stored in aliquots at Ϫ70°C.
Bb and SC5b-9 Assays
Complete sets of plasma samples were selected randomly from the Biorepository maintained at the Schneider Children's Hospital, Department of Pediatrics, where the specimens were stored. They were shipped to Taligen Therapeutics (Aurora, CO) for determination of AP complement activation products by ELISA (Quidel, San Diego, CA). To show the stability of the analytes, AP fragments levels were determined in select samples that were thawed once before assay or subjected to two to three freeze thaw cycles. Laboratory personnel performing the complement activation fragment assays were masked as to the identity of subjects and the relative point in the disease process of the sample acquisition.
Statistical Methods
Data are reported as mean Ϯ SD. Differences between groups were compared using the t test and the Wilcoxon rank sum test. Association between variables was evaluated with Spearman correlations analysis. Findings were considered significant if P Ͻ 0.05.
Results
Patients
Seventeen patients were included in this study. The key clinical and laboratory features are summarized in Table 1 . The demographic features and the severity of the acute illness in this subgroup were comparable to the full cohort of 145 patients included in the modified intent-to-treat analysis of efficacy (6) . In particular, the sample included a preponderance of girls of preschool age, and 16 of 17 were white. Forty-seven percent of the children required temporary renal replacement therapy, and all patients had at least partial recovery of kidney function. There were four control patients (two boys and two girls), all white, and the mean age was 6.3 Ϯ 1.5 yr.
Bb and SC5b-9 Levels
In normal plasma, the concentration of Bb and SC5b-9 were 1195 Ϯ 583 and 402 Ϯ 167 ng/ml, respectively. The levels were comparable in control samples that were subjected to two to three freeze-thaw cycles, indicating the results in the samples from the patients with DϩHUS were stable despite long-term storage in the HUS-SYNSORB Pk Repository. As shown in Figure 1 , on the day of enrollment, there was a marked increase in the plasma concentration of Bb (A) and SC5b-9 (B) compared with healthy controls. The levels of both AP of complement fragments fell to normal levels by day 28 after discharge from the hospital. There were no differences in the patients assigned to SYNSORB Pk compared with those who received placebo. The mean levels of Bb and SC5b-9 have not been tabulated for all tests done during the course of the illness because some patients did not have samples collected at all of the time points. However, all patients had a steady decline over the observation period. There were no significant correlations between circulating levels of Bb or SC5b-9 and the patient's age, peak blood urea nitrogen and creatinine levels, or nadir hematocrit and platelet count. For Bb, the Spearman correlations ranged from r ϭ Ϫ0.40 to r ϭ 0.24, and for SC5b-9, the Spearman correlations ranged from r ϭ Ϫ0.38 to r ϭ 0.45 (Table 2 ). In addition, there were no significant relationships between the percent decline in plasma levels of SC5b-9 and Bb from day 1 of the study to day 28 after discharge for any of the four clinical measurements.
Although the mean plasma concentration of SC5b-9 was numerically higher in the patients who required dialysis support (1091 Ϯ 681 ng/ml) compared with those who did not receive this treatment (787 Ϯ 317 ng/ml), the difference was not statistically significant. The peak circulating level of Bb was nearly identical in these two groups of patients (Figure 3) . No cut-off value for either marker of complement activation could be defined that predicted which children would require renal replacement therapy or experience serious extrarenal complications during the course of their illness. 
Discussion
The key finding in this report from the HUS-SYNSORB Pk clinical trial is that, in all children with DϩHUS presumably caused by antecedent STEC-induced enteritis, there is evidence of significant activation of the complement cascade at the onset of the disease based on high plasma concentrations of SC5b-9 and Bb. The former measurement is a nonspecific marker of complement activation by either the classical, alternative, or lectin pathways, whereas the latter is selective for the AP. These values rapidly return to normal within 4 wk after resolution of the acute episode. The degree of activation of the complement cascade is not related to clinical laboratory indices of the renal injury (peak BUN and creatinine levels) or hematologic disturbances (nadir hematocrit or platelet count) that characterize this illness. Determination of circulating levels of complement fragments, reflective of either general or specific AP activation, is not useful as an index of disease severity. Moreover, in this pilot group of patients, they were not prognostic markers of the need for renal replacement therapy or the occurrence of serious extrarenal events. However, given the fact that the study cohort included only 17 patients and the weak to moderate correlations, we are unable to exclude the possibility of diagnostic or prognostic value to Bb or SC5b-9 levels because of the small sample size and low power. Therefore, we recommend that the correlations between AP of complement fragments and disease activity should be studied in a larger cohort of patients with DϩHUS.
It should be noted that the complement activation fragments were assayed in plasma at the time of enrollment in the study and at the time of resolution. Previous studies in this study cohort evaluated the urinary excretion of basic fibroblast growth factor and neutrophil gelatinase associated lipocalcin as markers of renal injury (8, 9) . The advantage of a plasma marker for DϩHUS is the ability to obtain the sample under controlled conditions at a defined time during the course of the disease. It avoids the problems associated with urine sample collection in anuric patients, the confounding effects of administration of diuretic agents, and defining the optimal method of the measurement (i.e., concentration or normalization to urinary creatinine concentration).
In the HUS-SYNSORB Pk clinical trial, measurements of serum C3 and C4 levels were not included in the protocol because of lack of evidence of a role of complement in DϩHUS and infrequent detection of low levels. Measurements of classical pathway fragments and C3a and C5a were not done because previous studies in the laboratory indicated that these levels were not stable after prolonged storage like Bb and SC5b-9. Moreover, additional patients could not be studied because the number of complete plasma sample sets had been depleted by prior ancillary projects done using samples stored in the SYNSORB Pk repository. Our findings suggest that measurement of AP of complement fragments may be useful in monitoring the course of disease compared with routine determination of individual complement components.
It is likely that endothelial injury triggered directly by Stx1 and/or Stx2 is responsible for the activation of the complement cascade in general and specifically the AP. It may be exacerbated by secondary damage triggered by various inflammatory mediator and cytokines such as IL-8 and TNF-␣ that are upregulated in response to Stx in neutrophils and enterocytes (10) . Similar to the circumstance in children with atypical HUS related to genetic mutations in complement activation and regulatory proteins, there may be substantial activation of the AP of complement in DϩHUS even in the face of a normal C3 level. In this study, terminal complement pathway fragments and markers of the AP were assayed in the plasma rather than simply measuring C3 levels. This may explain the difference between our findings and previous studies that failed to document activation of the AP of complement.
In conclusion, our findings about the AP of complement may potentially be relevant to the treatment of DϩHUS. To date, no therapeutic intervention has successfully reduced the severity of DϩHUS, decreased the need for renal replacement therapy, or lowered the mortality rate. Treatments that have been tested include corticosteroids, plasma infusions, anti-coagulants, fibrino- (11) . Our data suggest that prompt initiation of these agents to children immediately after the onset of DϩHUS to prevent aberrant activity of the AP of complement may be able to attenuate the manifestations of this serious illness.
Appendix: List of Participating Centers
